Periodontal tissues historically receive little attention in bioarchaeological research. Periodontal 'health', however, is essential to maintaining a foundation for attachment, stability, and retention of teeth. The concept of 'health' is more than the absence of disease and is therefore problematic among both clinicians and bioarchaeologists (see Pilloud and Fancher, this issue) . Mariotti and Hefti's (2015) call for redefinition of periodontal health among clinicians, using a modified wellness model, includes both physical (functional dentition and periodontal attachment stability) and psychosocial (pain and individual well-being) characteristics. The challenge for bioarchaeologists is defining what physical expression/degree within a disease process would begin to affect an individual's wellbeing. Here we therefore apply a lifecourse approach to the measurement of periodontal disease in a prehistoric sample from the American Southwest to test the hypothesis that age and sex differences bear the greatest impact on the expression of periodontitis.
Periodontal disease (PD) is the clinical characterization of destruction of the periodontium-the oral structure containing the teeth, composed of both fibrous (gingival and periodontal ligament) and mineralized (cementum and alveolar bone) tissues. Periodontal disease has a multifactorial etiology, but is primarily associated with inflammatory host response resulting from bacterial infection of periodontal tissues. Many bacterial species have been associated with the pathogenic colonization of subgingival biofilm (dental plaque) (Adriaens, De Boever, & Loesche, 1988; Boutin et al., 2017; Socransky & Haffajee, 2005) and the periodontal pocket provides an ideal eco-system for these organisms, containing a diverse microbiota of up to 700 prokaryote species (Boutin et al., 2017; Chen et al., 2010) . Martelli and colleagues (2017) identify that the progression and severity of PD depends on the aggressiveness of the subgingival ABSTRACT Healthy periodontal tissues are essential to maintaining attachment, stability, and retention of teeth. The concept of 'health' is problematic however and includes both physical and psycho-social characteristics. The challenge for bioarchaeologists is defining what physical expression begins to affect an individual's well-being. Here we apply a lifecourse approach to periodontal tissue health in a prehistoric sample (N = 166) from the American Southwest to test the hypothesis that age and sex differences bear the greatest impact on the expression of periodontitis. Tooth loss, tooth wear, periodontal depth (CEJ-AC), and alveolar crest (AC) morphology were recorded at M1. T-tests identify that females exhibit significantly higher values across each variable. In addition, general linear modeling analyses demonstrate that values increased significantly across five age stages (15-20yo, 20-30yo, 30-40yo, 40-50yo, 50+yo ) with females exhibiting significantly higher values in the fourth and fifth decades of life. Results support the hypothesis that periodontal tissue loss differentially affects females across the lifecourse. Bacterial infection, chronic gingivitis, and attachment loss cause the physical symptoms of periodontal disease but may not be accompanied by pain or altered functionality. The outcome of the disease process is tooth loss, which can affect functionality and quality of life. Periodontal 'health' is therefore best interpreted in bioarchaeological samples around the point that attachment loss results in tooth loss and altered functionality. plaque biofilm and individual host immune response, which can be further affected by genetic and epigenetic contexts and environmental factors (i.e., age, sex, smoking, oral hygiene, etc.). Today, PD is also correlated with various systemic disorders, including cancer, diabetes, rheumatoid arthritis, cardiovascular diseases, and preterm birth (Jepsen et al., 2018; Martelli et al., 2017) .
Studies of modern and prehistoric patterns of periodontal disease demonstrate that men generally have a higher prevalence than women (DeWitte, 2012; Shiau & Reynolds, 2010; Wasterlain et al., 2011) . DeWitte (2012) proposes that this is likely due to immuno-buffering from estrogen among women (Klein and Huber, 2010) . But there is other clinical evidence to suggest that hormonal fluctuations, particularly associated with pregnancy, may have adverse effects on periodontal health (Carrillo -de-Albornoz et al., 2010; Laine, 2002; Lukacs and Largaespada, 2006; Silk et al., 2008; Wu, Chen, & Jian, 2015) . During pregnancy, production of estrogens and progesterone is increased. Estrogen levels rise to over 100 times more than pre-pregnancy levels, with progesterone levels surpassing this even more. During labor, hormone concentrations drop, reaching their pre-pregnancy levels within 2-3 days after delivery (Laine, 2002) . After the second trimester, the placenta begins regulating hormone production to maintain the pregnancy, including maintenance of the endometrium, preparation for lactation, increase in basal metabolic rate, and regulation of the immune system. The affiliated vascularization of bodily tissues often causes the gingiva to become inflamed and retain fluid, resulting in pregnancy gingivitis and edema (Bobetsis et al., 2006; Laine, 2002) .
While pregnancy does not actually cause gingivitis or periodontitis, the hormonal activity in gingival tissues can exacerbate pre-existing periodontal disease. With increased gingival inflammation and edema, the periodontium can become weakened (Laine, 2002; Silk et al., 2008) . Especially in the presence of accumulated plaque and calculus, the gingiva can become detached from the tooth exposing the periodontium (Coventry et al., 2000) . When bacteria infiltrate the weakened periodontium, their toxins activate a chronic inflammatory response, causing the ligaments and bone supporting the teeth to break down (Silk et al., 2008) .
Current research has identified some specific pathophysiology that may contribute to PD associated with hormonal activity during pregnancy. Pregnant women experience pronounced fluctuations in the sex hormone estrogen. Estrogen acts as a ligand for estrogen receptor ß (ERß), which plays an important role in periodontal ligament cell function and proliferation (Jönsson et al., 2004; Liang et al., 2008; Mamalis et al., 2011; Wattanaroonwong et al., 2011) . The periodontal ligament (PDL) is a connective tissue that bonds the cementum of the tooth to the alveolar bone. Collagen-producing PDL cells restore mineralized tissue and thus are essential in maintaining the structural and functional integrity of the periodontium. Human PDL cells have receptors for estrogen (ERß), which in turn has an inhibitory effect on bone-resorbing osteoclast formation in the periodontium (Wattanaroonwong et al., 2011) . Fluctuations in estrogen levels during pregnancy may affect subsequent PDL cell proliferation and consequently periodontal integrity (Mamalis et al., 2011) .
Changes in progesterone levels associated with pregnancy can make the subgingival microbiota significantly more anaerobic (Kornman & Loesche, 1982; Paropkari et al., 2016) . Less well explored is how salivary sex hormones affect the supragingival microbiota, which also experiences an ecological shift in association with pregnancy. Recently, Lin et al. (2018) explored the bacterial diversity and ecological shifts in the supragingival plaques of pregnant women and observed it is highly correlated with the subgingival microbiota and may equally contribute to oral dysbiosis during pregnancy. Lin et al. (2018) posited that consistent with surges in progesterone and estradiol during the third trimester, pregnancy constructs an environment conducive to some bacterial strains including members of the Neisseria and Poryphromonas genera. Progesterone may also downregulate IL-6 production by gingival fibroblasts, resulting in gingival inflammation and bacterial proliferation (Lapp et al., 1995) .
Other hormones associated with significant fluctuations during pregnancy have also been explored as possible contributors to PD in women. Parathyroid hormone, a calcitropic hormone responsible for calcium metabolism, decreases in early pregnancy. This is followed by a spike in the first trimester, a decline at the middle, and another rise towards the end of a pregnancy (Hameedi, 2017) . Osteocalcin, an osteoblastic hormone, mirrors parathyroid hormone fluctuations throughout pregnancy with corresponding effects on boneformation processes (Seki et al., 1991) . Progesterone levels also are negatively associated with calcium levels in pregnant women (Hameedi, 2017) .
Fertility in prehistoric agricultural communities
The Holocene is characterized in part by the substantial increase in human populations that occurred in a relatively small amount of time, markedly in areas that adopted agriculture (Larsen, 1995) . Although the transition from foraging to farming is generally characterized by a decline in overall health (including a decline in skeletal robusticity and dental health), the archaeological record displays evidence of a "Neolithic demographic transition" (Ndt), wherein populations expanded in most agricultural communities throughout the world (Bocquet-Appel, 2002; Bocquet-Appel & Dubouloz, 2004; Bocquet-Appel & Naji, 2006) . While population growth is apparent, sedentary settlement is also commonly associated with a reduction in mean age-at-death and high prevalence of skeletal lesions, often ascribed to nutritional deficiencies or infectious disease (Cohen & Armelagos, 1984) . A decline in health and mean age-at-death coupled with an increase in population seems paradoxical, but many contend that this trend indicates an increase in fertility rather than an increase in mortality due to poor general health (Wood, 1992) . In addition, the greater prevalence of skeletal lesions evidenced in agricultural samples could alternatively reflect enhanced resilience to illness and stress (Wood, 1992) .
Multiple causes for an increase in fertility among sedentary agriculturalists have been proposed. Cultivation of domestic crops such as maize in the New World would not only increase the carrying capacity of the environment, but also result in lifestyle shifts leading to increased fertility (Lukacs, 2008) . More dependable, higher calorie food supplies, a reduction in workload, and more readily available weaning foods would both increase the energy available to mothers and decrease the necessary weaning time. Fecundity (the biological potential for childbearing) can be sensitive to energetic stress, and even moderate energetic stress appears to suppress ovarian hormone levels (Ellison et al., 2012) . With decreased mobility associated with an agricultural lifestyle and a carbohydrate-based, calorie-dense diet, women would likely be under less energetic stress and thus more fecund.
A shorter weaning period may also influence fertility by a reduction in interbirth intervals. Lactation suppresses ovulation and often has a contraceptive effect due to the results of lactational amenorrhea (Kennedy & Visness, 1992; WHO, 1999) . However, variation in the contraceptive effect seems to be related to maternal energetic state. Research shows that maternal physiology acts to lower the chance of another conception when energetic investment in the current child is still high. Lactation is energetically expensive, and if the weaning age is decreased due to supplementation of weaning foods, the mother may return to a fecund state more quickly (Ellison, Bogin, & O'Rourke, 2012) . Ethnographic comparisons with modern foraging societies show that they generally exhibit longer interbirth intervals (generally 3-4 years) and decreased fertility due to longer breastfeeding periods, higher mobility/activity level, and seasonal weight fluctuations with resource availability (Eshed et al., 2004; Hitchcock, 1982; Howell, 1979) . In addition, higher rates of infant mortality (as experienced by early agricultural populations) can increase fertility by returning a mother to a fecund state after the loss of a breastfeeding child (Ellison, Bogin, & O'Rourke, 2012) .
Given the complex interplay between reproductive hormones and the reproductive burden associated with burgeoning population growth among prehistoric agricultural groups, the cumulative effects of high fertility rates would differential affect women in these prehistoric communities. We therefore suggest that age and sex differences have the greatest impact on the expression of periodontal disease, which may be a function of high fertility. Here we apply a lifecourse approach to the measurement of periodontal disease in a prehistoric sample from the American Southwest to test this hypothesis.
Materials and Methods
The samples analyzed in this study were recovered from a series of archaeological sites associated with the Mogollon archaeological culture (Fig. 1) . The Mogollon archaeological culture is associated with Ancestral Puebloan occupation of the rugged intermontane region of east-central Arizona and westcentral New Mexico (Reid & Whittlesey, 1997) . The Mogollon area is physiographically diverse with low valleys containing desert and grassland ecosystems and high elevations (~6,000 feet) characterized by large, Ponderosa pine forests and juniper/ piñon woodlands (Reid, 2006; Woodbury, 1961) . Although agriculture, particularly reliant on maize, was the foundation of their subsistence economy, a variety of local wild resources continued to provide an important role in the diet (Reid & Whittlesey, 1997; Woodbury, 1961) .
The Pueblo Period of Mogollon development in Arizona began around A.D. 1100 with the transition from pit houses to masonry construction and lasted until about A.D. 1400 when the pueblos were abandoned and populations became effectively archaeologically invisible (Reid & Whittlesey, 1997 ). This period is characterized by rapid population growth and nucleation into fewer, larger villages. Nucleation resulted in denser population concentrations within groups but larger distances between groups (Tuggle, 1970) . As population densities increased, pueblo residents became more dependent on cultivated crops and relied less on foraging wild resources. Sometime around A.D. 1400, as most communities neared the maximum population density that could be supported by available agricultural technologies and exhausted their wild resources, Mogollon villages were largely abandoned. Environmental pressure was aggravated by several periods of drought, resulting in migration out of the region (Reid & Whittlesey, 1997; Tuggle, 1970) . There is also evidence of significant economic and social tensions (Reid and Whittlesey, 1997) .
Skeletal remains from five Mogollon sites were analyzed for evidence of periodontal disease. The sites include Point of Pines, Turkey Creek, Kinishba, King Ruin, and AZ:W:10:52(ASM), which represent a series of large, multi-room pueblos that emerged in the Mogollon region with occupations that ranged between A.D. 1225 to 1450 (East, 2008; Haury, 1989; Lowell, 1991; Welch, 2016) . Together these samples represent a 225-year sequence of population growth, until social collapse, reorganization, migration, and partial abandonment of the Mogollon area. Based in successful agricultural adaptations, it is likely that a combination of environmental and social stressors led to eventual collapse. The demographic profile, including generally a higher infant mortality fits the curve proposed by Bocquet-Appel (2002) as representing high fertility populations and therefore make ideal samples to test the relationship between periodontal disease and sex across the lifecourse.
The Mogollon samples are part of the Bioarchaeology Collection at the Arizona State Museum (ASM), University of Arizona in Tucson, Arizona. Sex and age data were obtained from the Arizona State Museum Human Remains Database, estimated previously by ASM curators using macroscopic aspects of the pelvis and/or cranium for sex (Buikstra and Ubelaker, 1994) , and macroscopic changes in the pubic symphysis (Buikstra & Ubelaker, 1994) and relative rates of dental attrition (Brothwell, 1989) for age. Individuals of indeterminate sex or age were excluded from the analysis. Table 1 displays the distribution of samples by site, age, and sex. The 166 individuals were separated into five decadal age sets representing the sequence from late juvenile to senescence. We focused our analysis on the first permanent mandibular molar (M1) because periodontal disease differentially affects posterior teeth (Kerr, 1989) and the first molar is in occlusion the longest among the posterior teeth, thereby having the greatest potential for the expression of PD over the lifecourse. The remains were analyzed at the ASM by James Watson and Theodora Burbank and included 1) an inventory of teeth including antemortem loss, 2) recording occlusal surface wear (Wear) according Scott (1979) , 3) measuring distance of the alveolar crest (AC) from the cemento-enamel junction (CEJ) on the buccal surface of M1 (CEJ-AC) with a periodontal probe (Hu-Friedy UNC-15 color-coded periodontal probe), and 4) alveolar crest (AC) morphology according to Kerr (1988) . Independent samples t-tests are used to compare mean values for Wear, CEJ-AC, and AC and a Mann-Whitney U test to compare frequency of tooth loss between sexes. In addition, general linear modeling analysis (Gill, 2001 )-with age as the covariate and sex as the grouping factorcompares mean values between sexes across age groups. All statistical procedures were performed using IBM SPSS Statistics for Windows, v25.0 (SPSS Inc., Chicago, IL., USA).
Results
Preliminary comparisons by sex identify significant differences in mean values, with females exhibiting higher rates of wear, deeper CEJ-AC depths, and more compromised alveolar crest morphology (Table 2 ). In addition, the Mann-Whitney U test indicates that tooth loss was greater for females (mean rank: 76.01) than males (mean rank: 91.55), U= 6537.0, p= .006.
Comparisons across age groups demonstrate the general age-related progression of periodontal attachment loss that is typical of the general trend in clinical studies (Billings et al., 2018; Eke et al., 2018) . The results of the general linear modeling analysis show similar significant differences in tooth wear, alveolar crest depth, and alveolar crest morphology between males and females across age grades (Table 3) . Figures 2-4 plot the means and 95% confidence intervals of each variable across age groups demonstrating similar patterns over the life course. Mean values are similar between males and females in the youngest age cohorts but begin to separate in the fourth and fifth decades of life, only to return to closer values in the final decade (s).
In addition to measurable attachment loss of the alveolar crest, tooth loss at M1 was significant. Tooth loss is again more pronounced among females compared to males in the middle decades of life; 30-40yo and 40-50 (Fig. 5) .
Discussion
Our results support the hypothesis that periodontal disease can be measured across the lifecourse (using the proxy measurements observed here) and demonstrate that females suffered disproportionately from tooth and periodontal tissue loss. Periodontal attachment loss differed over the lifecourse; however, with both sexes experiencing similar (non-significant) periodontal tissue depths and morphology in the early age grades and experiencing significant increases after roughly age 30. Males appear to display a steady, age-related decline in periodontal tissue quality that only again approaches higher female levels in the oldest age grade; and this is more related to greater variability in expression among males rather than a final spike in tooth and tissue loss. Significant differences between sexes from 30 to 50 years suggests an underlying biological phenomenon negatively affecting women's oral health. We propose that hormonal fluctuations associated with reproduction and higher parity in prehistoric Mogollon communities are the cause of disparities in periodontal retreat and tooth loss between sexes. Tooth loss specifically can also result from dental caries, pulp exposure from heavy wear, and trauma; but the co-occurring trends observed in the data suggest inter-related processes contributing to tooth loss. It is likely that trends in caries frequency in the sample would mirror those observed in periodontal tissues but is beyond the scope of the current study. Tooth wear also appears to have played a role in destabilizing periodontal tissues through continuous eruption in response to heavy tooth wear. Yet, tooth wear also increases significantly in the interval from 30 to 50 years where female periodontal health incrementally declines compared to males and is perhaps exacerbated by tooth loss, loss of contact, and malocclusion.
Clinical and epidemiological research shows that the hormonal fluctuations associated with reproductive physiology play a substantial role in maintaining healthy periodontal tissues (Laine, 2002; Wu et al., 2015) . Evidence from ethnographic accounts and the archaeological record suggests a Figure 2 . Mean wear score (from Scott, 1979) at M1 plotted by age groups for males and females. Error bars represent 95% confidence intervals. Kerr, 1988) at M1 plotted by age groups for males and females. Error bars represent 95% confidence intervals. Figure 5 . Frequency (%) of tooth loss at M1 plotted by age groups for males and females.
general pattern of increased fertility with the adoption of agriculture in most areas (Bocquet-Appel & Naji, 2006; Eshed et al., 2004) . Sedentism is associated with lifestyle changes that could critically impact fertility, including increased availability of energy-dense foods, decreased mobility, and shorter interbirth intervals (Ellison et al., 2012; Lukacs, 2008) . A cariogenic diet reliant on maize undoubtedly played a crucial role in the overall decline in oral health observed in prehistoric agricultural populations of the Southwest US/Northwest Mexico. Dietary composition and high fertility likely led to an environment in which women experienced exacerbated oral pathology ). This study contributes some insights into the oral health of women in prehistoric agricultural communities in Arizona. The impact of pregnancy and reproduction has been largely avoided in archaeological literature, in part due to the difficulty associated with its study. While this study barely scratches the surface of the problem, it highlights a need to engage with life history theory and acknowledge the influences of reproductive life history on women's health in archaeological research. Although current medical and dental therapy place emphasis on improving the well-being of pregnant women and their unborn children (Jared & Boggess, 2008; Russell & Mayberry, 2008; Sanz & Kornman, 2013) , data show that increased parturition is still related to increased tooth loss in a woman's lifespan (Christensen et al., 1998; . This trend of increased tooth loss extends across cultural and socio-economic boundaries. It probably is related to the ongoing problem of untreated dental disease, which includes maternal periodontitis (Jeffcoat et al., 2001; Offenbacher et al., 1996) .
Our results specifically demonstrate that cumulative effects among reproductive-age and post reproductive-age females caused disproportionate tooth and periodontal tissue loss. Hormone fluctuations associated with reproductive physiology play a substantial role in maintaining healthy periodontal tissues (Wu, Chen, & Jiang, 2015) . Bacterial infection, chronic gingivitis and attachment loss cause the physical signs and symptoms of periodontal disease. However, this inflammatory destruction of the periodontium often is not accompanied by pain or altered function until advanced degrees of destruction. The penultimate outcome of the disease process is tooth loss, which can affect functionality and quality of life.
Periodontal 'health' is therefore best interpreted/conceptualized in bioarchaeological samples around the point that attachment loss destabilizes the tooth and results in loss and altered functionality. Although still stemming from a 'diseasefocused' approach, we consider how functional occlusion plays a significant role in health. In addition, the pain and process involved in tooth loss and removal will significantly impact quality of life, followed by altered functionality and differential wear. This allows bioarchaeologists to relate past people's physical conditions to modern clinical and epidemiological understandings of health and pathology.
